TIR1 and its homologues act as auxin receptors and play a crucial role in auxin-mediated plant development. While the functions of auxin receptor genes have been widely studied in Arabidopsis thaliana, there has been no report on the consequences of TIR1 overexpression in plants that regulate fruit development. Here a putative tomato auxin receptor gene, homologous to Arabidopsis AtTIR1, is reported. This gene, designated as Solanum lycopersicum TIR1 (SlTIR1), was found to be expressed in all the parts of floral buds and flowers at anthesis stages. From bud to anthesis, SlTIR1 expression increases slightly in sepal tissue and decreases dramatically in stamen. From anthesis to post-anthesis when fruit set is expected to occur, the expression of SlTIR1 declines in the ovary and sepal. Overexpression of SlTIR1 results in a pleiotropic phenotype including parthenocarpic fruit formation and leaf morphology. Furthermore, SlTIR1 overexpression altered transcript levels of a number of auxin-responsive genes. The present data demonstrate that the tomato SlTIR1 gene plays an important role at the stages of flower-to-fruit transition and leaf formation.
Introduction
The phytohormone auxin is involved in many aspect of cellular and developmental responses in plants, including cell division, expansion, and differentiation, lateral/adventitious root formation, tropisms, fruit set and development, vascular differentiation, and embryogenesis at the wholeplant level (Friml, 2003) . Auxin exerts its biological functions by activating signal transduction pathways that ultimately regulate the expression of downstream target genes to control particular developmental processes (Dharmasiri and Estelle, 2004; Kepinski and Leyser, 2005a; Woodward and Bartel, 2005) .
Auxin is a key regulator for fruit development. Most fruit crops require pollination and fertilization to ensure fruit sets. Fruit set is defined as the transition of a quiescent ovary to a rapidly growing young fruit, which is an important process in the sexual reproduction of flowering plants (de Jong et al., 2009a) . In normal conditions, the initiation of fruit set is dependent on successful pollination and fertilization. The effect of pollination and fertilization in stimulating fruit set can also be mimicked by application of exogenous hormone (Gillaspy et al., 1993; Vivian-Smith and Koltunow, 1999) . Some phytohormones, such as auxin and gibberellin (GA), have been implicated in the fruit set process. Application of auxin to tomato ovaries (Gustafson, 1936; Wittwer et al., 1957) , or expression of auxin biosynthesis genes in ovaries and ovules (Rotino et al., 1997; Carmi et al., 2003; Mezzetti et al., 2004) can promote the formation of fertilization-independent or parthenocarpic (seedless) fruit. In addition, inhibition of auxin transport from the ovary or from the apical shoot also induces parthenocarpic fruit set, associated with an increase of indole-3-acetic acid (IAA) content in unpollinated ovaries (Serrani et al., 2010) . These phenomena, together with the increase in the content of auxin-like substances after anthesis (Gillaspy et al., 1993) , indicate that auxin signals are very important to tomato fruit set and development.
The exact molecular method via which auxin regulates fruit set is not fully understood. Recent studies in tomato and Arabidopsis have revealed that the auxin signalling pathway is involved in controlling the early events of fruit initiation (Wang et al., 2005; Goetz et al., 2006 Goetz et al., , 2007 Wang et al., 2009; Serrani et al., 2010) . It has been known for a decade that auxin regulates gene expression by stimulating the degradation of the Aux/IAA proteins through an ubiquitin-dependent proteolytic pathway (Tiwari et al., 2001; Dharmasiri and Estelle, 2004; Dharmasiri et al., 2005a) , involving SCF TIR1 complexes (their main components being Skp1, Cullin, and an F-box protein TIR1). In general, Aux/IAA proteins participate in complex dimerization networks modulating the effect of the auxin response factors (ARFs) that bind to auxin response elements (AuxRE) in the promoter regions of auxin-regulated genes (Leyser, 2002; Guilfoyle and Hagen, 2007) . The AuxRE motif contains a conserved TGTCTC box (Ulmasov et al., 1995) or TGTCCCAT element (Oeller et al., 1993) . Degradation of Aux/IAA leads to the activation of ARFs and to subsequent auxin-responsive gene expression (Tiwari et al., 2001; Reed, 2001; Zenser et al., 2001; Hagen and Guilfoyle, 2002; Liscum and Reed, 2002) . Previous studies indicated that down-regulation of tomato SlIAA9, an Aux/ IAA gene, resulted in a dramatic alteration of early fruit development. All of the SlIAA9 antisense transgenic lines from these studies exhibit precocious fruit set prior to anthesis, resulting in parthenocarpic fruit development (Wang et al., 2005 . Goetz et al. (2006 Goetz et al. ( , 2007 have also shown that inactivation of auxin response factor 8 (ARF8) causes parthenocarpic fruit development in tomato and Arabidopsis (Goetz et al., 2006 (Goetz et al., , 2007 . Transgenic plants with decreased SlARF7 mRNA levels formed seedless (parthenocarpic) fruits (de Jong et al., 2009b) . A model has been postulated by Goetz et al. (2007) suggesting that before pollination, SlARF8 forms an inhibitory complex together with an Aux/IAA protein, possibly SlIAA9, repressing the transcription of the auxin response genes and fruit developmental genes (Goetz et al., 2007) . Furthermore, it is indicated that TIR1 (Transport Inhibitor Response1) functions as an auxin receptor (Dharmasiri et al., 2005a; Kepinski and Leyser, 2005b) . Auxin binding to TIR1 (or its paralogues, the F-box proteins AFB1 and AFB3) promotes the ubiquitin-dependent proteolysis of Aux/IAAs in an auxin-dependent manner (Dharmasiri et al., 2005a, b; Kepinski and Leyser, 2005b) . These findings suggest that TIR1-dependent degradation of Aux/IAA proteins may play important roles in initiation of fruit set during the early stages of fruit development.
Tomato has long served as a major model for fleshy climacteric fruit development and ripening studies. To investigate further the molecular basis for fruit set, the tomato SlTIR1, a newly characterized orthologue of the auxin receptor gene family, has been isolated. The role of SlTIR1 in fruit development was analysed by overexpressing SlTIR1 in tomato. Phenotypic and molecular analysis indicates that SlTIR1 is a pivotal regulator of auxin in the process of fruit set. The evidence provided by this work supports the hypothesis that SlTIR1 protein should control fruit set through positive regulatory mechanisms.
Materials and methods

Plant materials and growth conditions
Tomato (Solanum lycopersicum, cv MicroTom) plants were grown in a culture chamber room and conditions set as follows: 14 h day/ 10 h night cycle, 25/20°C day/night temperature, 80% humidity, 250 lmol m À2 s À1 light intensity. All tissues (including root, stem, leaf, flower, and fruit) were collected from 10-week-old tomato plants. The stages used for semi-quantitatitive or quantitatitive PCR analysis were acquired according to Yang et al. (2009) . Ovaries, stamens, petals, and sepals were harvested from bud [-2 dpa (days post-anthesis)], anthesis (0 dpa), and post-anthesis (4 dpa) flowers.
Cloning the full-length cDNA of SlTIR1 by RACE BLAST analysis of expressed sequence tag (EST) sequences in the SOL Genomics Network (SGN) (http://sgn.cornell.edu/tools/blast/ ) revealed that an EST sequence (no. SGN-U327259) was highly similar to the previously identified AtTIR1. Sequence comparison of this EST fragment indicated that it included the 5' end of the SlTIR1 gene. This EST sequence was then used as a basis to retrieve the full-length cDNA of SlTIR1 from 'Micro-Tom' Tomato. A 2 lg aliquot of total RNA from tomato leaves was used for RACE (rapid amplification of cDNA ends) handling using a 3'-Full RACE Core Set (TaKaRa, Dalian, China) according to the manufactures's instruction, and the total cDNA was used as template for the amplification of the 3' cDNA ends of SlTIR1. Based on the cDNA sequence already obtained, a genespecific primer P1 (5'-GAAGCCTCATTTTGCTGATTTCA-3') was designed according to the SlTIR1 EST fragment sequence. The primer P1, together with the three-site adaptor primer provided by the 3'-Full RACE Core Set, was used to amplify the 3' cDNA end of this gene under the following conditions: denaturation at 94°C for 5 min, followed by 32 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min, then 72°C for 10 min. The PCR product was isolated by electrophoresis on a 1% agarose gel stained with ethidium bromide, purified using the Plasmid Mini Kit I (OMEGA, USA), then cloned into the pMD18-T vector (TaKaRa) and transformed into Escherichia coli strain JM109. Three positive clones were sequenced by Shanghai Shenggong Biotech (Shanghai, China).
Sequence analysis
Searches for nucleotide and protein sequence similarities were conducted with the BLAST algorithm at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST/ ) (Altschul et al., 1997) . Sequence alignments were made using the DNAMAN program, version 5.2.2. Structural domains were annotated using Smart (http://smart.embl-heidelberg.de/) as described previously (Schultz et al., 1998; Letunic et al., 2009) with default parameters. The MEGA program (version 3.1) was used to produce a phylogenetic tree based on homology.
GenBank accession numbers for the sequences analysed are as follows: Nicotiana tabacum NtTIR1 (ACT53268.1), Vitis vinifera Vv TIR1 (XP_002269127.1), Ricinus communis RcTIR1 (XP_002520681.1), Dimocarpus longan DlTIR1 (ACX31301.2), Arabidopsis thaliana AtTIR1 (NP_567135.1), AtAFB2 (NP_566800.1), AtAFB3 (NP_563915.1), AtAFB5 (NP_568718.1), AtGRH1 (NP_567255.1), AtFBL18 (AAK76473.1), AtCOI1 (NP_565919.1), Gossypium hirsutum GhTIR1 (ABG46343.1), Populus trichocarpa
Protoplast isolation and transient expression of SlTIR1-GFP fusion protein
The coding sequence of SlTIR1 was cloned in-frame with GFP (green fluorescent protein) into the pGreen vector (Hellens et al., 2000) as a C-terminal fusion protein expressed under the control of the cauliflower mosaic virus (CaMV) 35S promoter. For the protoplast transfection assay, protoplasts used for transfection were obtained from suspension-cultured tobacco BY-2 cells according to Bouzayen et al., (1989) . The cells were incubated for 1.5-2 h at 37°C in solution containing 1% Caylase, 0.2% pectolyase Y-23 and 1% bovine serum albumin (BSA), in an agitated water bath (30-40 rpm). Tobacco protoplasts were isolated and transfected by a modified polyethylene glycol method as described by Abel and Theologis (1994) . Typically, 0.2 ml of protoplast suspension (0. 5310 6 ) was transfected with 50 lg of shared salmon sperm carrier DNA and 30 lg of either 35S:SlTIR1-GFP or 35S:GFP (control) plasmid DNA. Transfected protoplasts were incubated at 25°C at least for 16 h and were analysed for GFP fluorescence by confocal microscopy (TCS SP5/Leica DMI6000, USA). The samples were illuminated with an argon ion laser (488 nm wavelength). The emitted light was collected between 500 nm and 525 nm. All transient expression assays were repeated at least three times.
Real-time quantitative PCR
Total RNA was isolated using Trizol (Invitrogen, USA) according to the manufacturer's instructions, treated with DNase I (Fermentas, UK) for 30 min at 25°C, and purified as per the handbook description. The first-strand cDNA synthesis was performed using 2 lg of total RNA using a Fermentas Reverse Transcription Kit. Quantitative PCR was performed as described previously (Yang et al., 2009) . The primer sequences used are listed in Table 1 .
Plant transformation
To generate 35S:TIR1 transgenic plants, the coding sequence isolated from the tomato cDNA (forward 5'-TACACTTTTGCCCTTCCCACC-3' and reverse 5'-CGCTAA-TACCTGCCCATCTTT-3' primers) was cloned into the modified binary vector pCAMBIA1301 (kanamycin gene replacing the hygromycin gene) under the CaMV 35S promoter. Transgenic plants were generated by Agrobacterium tumefaciens-mediated transformation according to Wang et al. (2005) and Chaabouni et al. (2009) . Transformed lines were first selected on kanamycin (100 mg l À1 ) and then analysed by both PCR and GUS (b-glucosidase) staining to check the presence of T-DNA insertions in the various transgenic lines.
Electron microscopy
Wild-type and transgenic tomato were generated in tissue culture as described above. Segments of leaves were collected from wildtype and 35S:TIR1 plants after 6 weeks of growth on soil. Three replicates of each sample were mounted on aluminium stubs, sputtered with gold palladium for 30 s, and examined under an S-3000N scanning electron microscope (Hitachi, Japan).
Results
Isolation of the full-length SlTIR1 cDNA and genomic sequence
Based on the sequence of the AtTIR1-like EST fragment isolated from SGN (http://solgenomics.net/), a 2218 bp fulllength cDNA of the putative AtTIR1-like gene in 'MicroTom' was obtained by RACE, tentatively designated as SlTIR1 and deposited in GenBank under accession number GQ370812. The cDNA of SlTIR1 contains a 1746 bp open reading frame encoding a protein of 582 amino acid residues. A genomic fragment of 3849 bp was also isolated comprising the untranslated regions and 3401 bp of open reading frame composed of three exons and two introns (Fig. 1A) .
NCBI blasp indicated that SlTIR1 protein is most homologous to AtTIR1 (NP_567135), then to AtGRH1 (NP_567255), AtAFB2 (NP_566800), and AtAFB3 (NP_563915). With pairwise alignment at the whole protein level, SlTIR1 shows 77/89, 66/80, 59/75, and 60%/75% identities/similarities to AtTIR1, AtGRH1, AtAFB3, and AtAFB2, respectively. In order to detect the presence of homologues of SlTIR1 in tomato, blast analysis was performed against the SGN (http://solgenomics.net/). A tomato F-box protein LeTIR (ACY26209.1|), that had been isolated by Shandong Agricultural University of China, is most similar to SlTIR1 and shows 49%/66% identities/similarities to SlTIR1. Multialignment (Fig. 1B ) and phylogenetic analysis (Fig. 2) indicated that SlTIR1, compared with members of the Arabidopsis well-defined auxin receptor family, is most similar to AtTIR1, closely followed by AtGRH1. SMART detected that SlTIR1 contains both an F-box region and leucine-rich repeat (LRR) domains (Fig. 1B) .
The SlTIR1-encoded protein is targeted to the nucleus Previous studies indicate that the TIR1/AFB proteins are all strongly localized to the nucleus (Dharmasiri et al., 2005b) . Sequence analysis of SlTIR1 showed that this protein was predicted to be targeted to the nucleus. To investigate the in situ subcellular localization of SlTIR1, the subcellular Table 1 . The primer sequences of TIR1 gene and auxin response genes described in this study
Primer
Primer sequence Orientation The phylogentic tree was constructed with gene sequences from the following species: Nicotiana tabacum NtTIR1, Vitis vinifera Vv TIR1, Ricinus communis RcTIR1, Dimocarpus longan DlTIR1, Arabidopsis thaliana AtTIR1, AtAFB2, AtAFB3, AtAFB5, AtGRH1, AtFBL18, AtCOI1, Gossypium hirsutum GhTIR1, Populus trichocarpa PtFBL1, PtFBL2, PtFBL3, PtFBL4, Arabidopsis lyrata subsp. lyrata AlF-box2, AlF-box3, AlAFB5, Solanum lycopersicum SlCOI1, LeTIR.
localization of SlTIR1-GFP under the control of the 35S promoter was analysed. Plasmids containing either the GFP gene alone or the SlTIR1-GFP fusion were transiently expressed in tobacco protoplasts. Fluorescence microscopy demonstrated that control cells transformed with GFP alone displayed fluorescence distributed throughout the cytoplasm, in accordance with the expected cytosolic localization of the GFP protein. In contrast, the SlTIR1-GFP fusion protein was exclusively localized to the nucleus (Fig. 3) indicating that SlTIR1 was able to redirect the GFP from the cytosol to the nucleus.
Expression patterns of SlTIR1 in different tomato organs
In order to explore, at the molecular level, the potential role of SlTIR1 in regulating plant development, the expression levels of SlTIR1 were examined in different plant organs. Expression analysis performed by semi-quantitative reverse transcription-PCR (RT-PCR; Fig. 4A ) indicated that SlTIR1 is expressed in all organs, but differences among organs were also observed. SlTIR1 is highly expressed in flowers and moderately expressed in most other organs (i.e. stem, leaf, immature green, mature green, breaker, and ripe red), while root shows lower expression (Fig. 4B ).
As tomato flowers showed the highest expression of SlTIR1, the expression profiles of SlTIR1 were further analysed in different parts of the flower at three flower stages by quantitative PCR. Transcripts of the SlTIR1 gene were detected in all the parts of the flower at the bud and anthesis stages. From bud to anthesis, SlTIR1 expression increased slightly in the sepal and decreased dramatically in the stamen. From anthesis to post-anthesis when fruit set was expected to occur, the expression of SlTIR1 declined in ovary and sepal (Fig. 4B) . This dynamic expression pattern suggested that SlTIR1 might play an important role during flower development in tomato and particularly during the flower-to-fruit transition triggered upon pollination.
SlTIR1 overexpression lines exhibit altered leaf morphology and parthenocarpy
To investigate the physiological role of SlTIR1 in plant development, the SlTIR1 cDNA was overexpressed in tomato. The cDNA fragment was cloned into a modified plant expression vector (pCAMBIA1301) and transferred into tomato using A. tumefaciens. A total of 22 independent transformation events were obtained; expression of SlTIR1 was up-regulated in the leaves of all of the overexpressed lines (35S:SlTIR1) (Fig. 5A) . Eight of the transgenic lines were selected and analysed further. An initial phenotypic characterization of 35S:SlTIR1 plants was performed to investigate the roles of the SlTIR1 gene in plant growth, focusing on leaf shape, stem elongation, and fruit development. The 35S:SlTIR1 plants displayed a variety of morphological defects (Fig. 5B) , suggesting an important role for SlTIR1 in a wide range of developmental processes. One of the most striking aspects of visible alteration is variation in leaf morphology. In the wild type, leaves are odd-pinnately compound leaves with one terminal leaflet and two pairs of major lateral leaflets with pinnate venation. In contrast, the leaves of 35S:SlTIR1 are either simple leaves or odd-pinnately compound leaves with one terminal leaflet and one pair of major lateral leaflets (Fig. 6A, B) . Compared with the wild type, the leaf length and width of 35S:SlTIR1 were both increased (Fig. 6B) . The length and the width of the leaf blades were measured (Fig. 6C, D) . The data indicated that the leaf size of 35S:SlTIR1 plants is larger than that of the wild type, and the leaf length/leaf width ratio of 35S:SlTIR1 is smaller than that of the wild type. At the same time, overexpressed SlTIR1 also showed an increased petiole diameter (Fig. 6E) . In addition, analysis of wild-type and transgenic leaf trichomes by scanning electron microscopy revealed that the trichomes of wild-type leaves are sparse, with a small amount of longer trichomes. In contrast, the number of trichomes in the transgenic leaves was much increased compared with the wild-type leaves (Fig. 6F) .
In wild-type plants, fruit set and development occur in a coordinated manner following pollination and fertilization (Gillaspy et al., 1993) . Overexpression of SlTIR1 resulted in an alteration of early fruit development, with all 35S:SlTIR1 lines exhibiting precocious fruit set prior to anthesis, resulting in simultaneous fruit and flower development, and ultimately formed parthenocarpic fruit (Fig. 7A, B) . In order to determine how early precocious fruit set and whether fruit set depended upon pollination and fertilization, stamen cones of 35S:SlTIR1 flowers that had not yet opened but are ready to turn yellow in colour were removed (Fig. 7C) ; fruit set occurred before flower opening. In addition, the precocious fruit positioned the stigma out of reach of the stamens (Fig. 7A) . These results suggest that SlTIR1-overexpressing plants self-pollinated unsuccessfully because the stamens were too far from the stigma, as a consequence of parallel fruit and flower development. The 35S:SlTIR1 plants were also severely dwarfed and exhibited a fertility defect with reduced emergence of fresh blossom buds (Fig. 5B and Table 2 ). 
SlTIR1 overexpression regulates the transcription of auxin-responsive genes
The 35S:SlTIR1 lines resembled a strong auxin-associated phenotype, such as dwarf characteristics and parthenocarpic fruit development. In order to determine the potential role of SlTIR1 in mediating the auxin response, the effects of overexpression of the SlTIR1 gene on the expression of a number of early/primary auxin-responsive genes were investigated. The expression of SlIAA3, SlIAA7, SlIAA9, SlARF2, SlARF6, SlARF7, and SlARF8 in young leaves of a wild-type and 35S:SlTIR1 plant were investigated by quantitative PCR. The same analysis could not be performed for two other paralogues of SlTIR1, SlAFB2 and SlAFB3, as there was no gene sequence information available for which appropriate primers could be designed. In transgenic lines, in which the SlTIR1 transcript levels were ;28-fold up-regulated, basal accumulation of SlIAA9, SlARF6, and SlARF7 transcripts was decreased and that of SlIAA3 transcripts was increased compared with the wild type. In contrast, transcript accumulation of other auxinresponsive genes investigated, such as SlIAA7, SlARF2, and SlARF8, remained identical to that in the wild type (Fig. 8) .
Discussion
The role of auxin signalling in fruit development has been extensively studied in climacteric fruit, but all the molecular mechanisms related to fruit development are still poorly understood, potentially because only a few of the signalling components involved have been identified so far. In this study, the tomato SlTIR1 gene, a putative orthologue of AtTIR1, was isolated and overexpressed in tomato. Overexpression of SlTIR1 resulted in pleiotropic morphological and developmental phenotypes. The SlTIR1 overexpression lines exhibited parthenocarpic fruit formation. The data suggested that SlTIR1 acts as a positive regulator of fruit set in tomato.
Sequence analysis of SlTIR1 protein indicated that it contained a conserved F-box domain and LRR domains (Fig. 1B) . Work in yeast and mammalian systems indicates that F-box proteins interact with the Skp1 and Cdc53 (cullin) proteins to form SCF-ubiquitin ligase complexes (Bai et al., 1996; Krek, 1998; Patton et al., 1998; Gray et al., 1999) , which then bind to substrates leading to ubiquitinmediated proteolysis (Kipreos and Pagano, 2000) . In Arabidopsis, AtTIR1 and its closest paralogues AFB1-AFB5 belong to the C3 subfamily of LRR-containing Fbox proteins (Gagne et al., 2002) . Crystal structures of AtTIR1 confirmed that auxin enhances AtTIR1-Aux/IAA interaction (Tan et al., 2007) . Together with AtTIR1, AtAFB1-AtAFB3 have been found to function as redundant auxin receptors, collectively mediating auxin-regulated responses throughout plant growth and development (Dharmasiri et al., 2005b) . The presence of conserved domains, high sequence similarity (Fig. 1B) , and similar nuclear localization of SlTIR1 and AtTIR1 (Fig. 3) suggest that SlTIR1 is an orthologue of AtTIR1, a member of the auxin receptor family, and may have a parallel function in plant development.
With the generation of the SlTIR1-overexpressing plant, it is possible to assess the mechanism of 35S:SlTIR1 in promoting the auxin response in plant development. The 35S:SlTIR1 tomato exhibits alterated leaf morphology, overall stature, and fruit development. All phenotypes can be found in Arabidopsis Aux/IAA mutants (Hamann et al., 2002; Liscum and Reed, 2002; Hardtke et al., 2004) . One of the most interesting phenotypes of 35S:SlTIR1 plants is the parthenocarpic fruit formation (Fig. 7B) . Parthenocarpy can be induced using phytohormones, particularly auxins (Martinelli et al., 2009) . In addition, parthenocarpic fruit has also been generated through ovule-specific expression of the iaaM or iaaH genes from A. tumefaciens or the rolB gene from Agrobacterium rhizogenes, which affect auxin biosynthesis or response, respectively (Rotino et al., 1997; Carmi et al., 2003; Martinelli et al., 2009) . In natural parthenocarpic varieties, auxin content might already have reached a threshold concentration prior to pollination, resulting in the formation of seedless fruit (Gustafson, 1939; Mapelli, 1978; de Jong et al., 2009a) . Taken together, these findings suggest that auxin signals are very important to plant fruit set and development. So far, four components of auxin signalling, AtARF8 from Arabidopsis and SlARF7, SlIAA9, and SlARF8 (UMR990 INRA/INP-ENSAT 'Génomique et Biotechnologie des Fruits', Institut National Polytechnique de Toulouse, France, unpublished) from tomato, have been implicated in precocious fruit set (Wang et al., 2005; Goetz et al., 2007; de Jong et al., 2009b) . Downregulated expression of SlIAA9 and SlARF7 in tomato, recessive mutations in AtARF8, expression of aberrant forms of AtARF8 in Arabidopsis and tomato, and overexpression of SlARF8 in tomato uncoupled fruit initiation from pollination and fertilization and gave rise to parthenocarpic fruit (Wang et al., 2005; Goetz et al., 2006 Goetz et al., , 2007 de Jong et al., 2009b) . Aux/IAA participate in complex dimerization with ARF proteins, modulating the effect of (Goetz et al., 2006) ; before pollination, SlARF8 activity may be inhibited in a protein complex with SlIAA9, resulting in the repression of auxin response genes and fruit developmental genes. The model that has been postulated by Goetz et al. (2007) suggests that upon pollination, the level of auxin increases and SlIAA9 proteins are rapidly ubiquitinated and degraded by the 26S proteasome. In the absence of SlIAA9, the transcription of early auxin-responsive genes may be stimulated by SlARF8 together with additional signals and activators, resulting in the initiation of fruit set (Fig. 9) .
35S:SlTIR1 lines also exhibit simplification of leaf architecture compared with wild-type tomato. Previous studies indicate that an auxin plays a fundamental role in controlling morphogenesis in the leaves (DeMason and Chawla, 2004; Barkoulas et al., 2008) . Auxin is the driving force of leaf growth and pinna determination, is necessary for pinna initiation, and controls subsequent pinna development (DeMason and Chawla, 2004) . Despite a longstanding interest in the basis of morphological diversity, the molecular mechanisms via which auxin regulates leaf architecture are poorly understood (Koenig et al., 2009) . To our knowledge, the auxin signalling component that distinctly participated in leaf architecture is SlIAA9. Down-regulation of SlIAA9 by antisense gene silencing decreased the complexity of leaf morphology, the leaf morphology of these transgenic lines being similar to that of tomato entire lines, a loss-of-function mutant of SlIAA9 (Wang et al., 2005; Zhang et al., 2007; Berger et al., 2009; Koenig et al., 2009) . As the leaf morphology of 35S:SlTIR1 plants is very similar to that of SlIAA9-inhibited lines (Fig. 6A, B) , this further confirms the possibility that SlTIR1 mediates degradation of SlIAA9 and results in alteration of leaf shape and that SlTIR1 is a key mediator in the auxin-dependent regulation of leaf complexity and leaf morphogenesis.
As 35S:SlTIR1 lines exhibited apparent auxin-associated phenotypes, it can be postulated that SlTIR1 regulates expression of auxin response genes. The data on transcript analysis of auxin response genes indicated that the mRNA level of SlIAA9 was lower and that that of of SlIAA3 was higher in 35S:SlTIR1 than in the wild type. This is consistent with previous work showing that basal accumulation of SlIAA3 transcripts is higher in AS-IAA9 plants than in the wild type (Wang et al., 2005) . SlIAA3 is a tomato Aux/IAA gene that showed rapid induction by auxin, and SlIAA9 acts as a negative regulator of auxin responses (Wang et al., 2005; Chaabouni et al., 2009) . It has been suggested that SlTIR1 positively regulates auxin responses. Moreover, compared with the wild type, the basal transcript level of SlIAA9 was down-regulated and that of SlARF7 was decreased in 35S:SlTIR1 lines, which is also in agreement with studies showing down-regulation of SlIAA9 and decreased SlARF7 mRNA levels in parthenocarpic fruit set (Wang et al., 2005; de Jong et al., 2009b) . Thus, it is possible that SlTIR1 positively controls auxin responses and fruit set not only by mediating the degradation of Aux/ IAA proteins, but also through regulating mRNA levels of auxin-responsive genes.
The effect of AtTIR1 overexpression on plant growth and development was examined by generating transgenic plants containing a glucocorticoid-inducible TIR1 expression construct. When TIR1 expression was induced in light-grown seedlings, growth of the primary root was inhibited, root tips became agravitropic, and lateral root development was promoted. TIR1 overexpression in dark-grown seedlings severely inhibited hypocotyl elongation and promoted deetiolation (Gray et al., 1999) . To our knowledge, there has not been a specific report examining whether overexpression of SlTIR1 in plants affects fruit set. The present study uncovered the role of tomato SlTIR1 genes in regulating critical stages of flower-to-fruit transition. Moreover, the data strongly suggest that the 26S proteasome-mediated protein degradation pathway is a control valve of flowerto-fruit transition, providing more insight into the regulatory mechanisms of auxin during fruit set, and hence opens up new leads for engineering parthenocarpy. It remains a challenge for the future to unravel the molecular basis of the SlTIR1-induced parthenocarpy. In particular, pulldown assays will be needed to study interaction between SlTIR1 and other proteins that regulate fruit set. The model is that currently established for the way in which SlARF8 and SlIAA9 proteins regulate fruit set by regulating auxin response genes.
